One approach to an understanding of the nature of extrachromosomal heredity, subeellular morphology, and nucleocytoplasmic relationships is through the investigation of the genetics of enzymes and proteins of mitochondria. Genetic information for the primary structure of some mitochondrial-localized enzymes resides in nuclear DNA;' 2 no direct demonstration of a gene-protein relationship involving mitochondrial DNA has been previously reported.
One approach to an understanding of the nature of extrachromosomal heredity, subeellular morphology, and nucleocytoplasmic relationships is through the investigation of the genetics of enzymes and proteins of mitochondria. Genetic information for the primary structure of some mitochondrial-localized enzymes resides in nuclear DNA;' 2 no direct demonstration of a gene-protein relationship involving mitochondrial DNA has been previously reported.
Concepts developed in several areas of independent investigation led to the working hypothesis of this study. First, although concepts of extrachromosomal heredity have been evolving for many years, only one class of extrachromosomal mutations affecting mitochondria are well known; these are the respiratory-deficient mutants of yeast and Neurospora.3 Extensive analyses of such mutants have not produced results interpretable in terms of either the classical one gene-one enzyme hypothesis or related corollaries regarding pathways of intermediary metabolism. Rather, several of the components of the electron transport chain are found to occur in either excess or deficit in those mutants. In addition, Green and associates4 have proposed that polymacromolecular assemblies called elementary particles, with a fixed set of proteins in invariant proportions, are associated with the mitochondrial inner membrane. Among the principal components of those particles are the enzymes of the electron transport system and the mitochondrial structural protein. The importance of the structural protein is emphasized not only by its quantitative preponderance in the mitochondria, but also by its critical role in the organization and assembly of the enzymes of the particles. Moreover, recent investigations indicate that mitochrondria from all organisms contain DNA.' That this DNA may play a hereditary role is indicated by observations that Neurospora mitochondria replicate by division of pre-existing Inlitochondria6 and exhibit genetic continuity after interhyphal transplantation.7
In this communication, the results of experiments stimulated by the foregoing concepts support the hypothesis that two different extrachromosomal mutations of (presumably) mitochondrial DNA lead to alterations of the primary structure and function of the principal protein of the mitochondria, a structural protein. Secondarily, we propose that such mutations are expressed as pleiotropic respiratory deficiencies because of the critical role of the structural protein in the organization and assembly of the electron transport chain. In a later paper,8 the hypothesis developed here will be extended to an analysis of a nucleocytoplasmic relationship. The function and association of a nuclear-determined enzyme, malate dehydrogenase, with mitochondria, mitochondrial membranes, and the structural protein will be described.
Materials and Methods.-All of the Neurospora stocks, with the exception of "stopper," were obtained from the Fungal Genetics Stock Center, Dartmouth, N.H. The "stopper" mutant9 is a maternally inherited strain characterized by irregular growth cycles but is not known to have any respiratory deficiency; it was kindly furnished by Dr. Thad Pittenger. Samples of beef heart and yeast mitochondria and beef heart MSP were generously furnished by Dr. Richard Criddle.
Methodology and analysis of experiments involving gel electrophoresis, inhibition of MDH, and immunological tests are described elsewhere. . . Table 5 ).
are also similar in solubnlity properties, e.g., soluble in 0.01 N alkali and only slightly soluble in water or at pH 6. It is interesting to note that MSP from mutant mi-i differs from beef heart MISP only in his and phe.
Comparative properties of wild-type and mutant MSP of Neurospora: Analyses of the associative properties of MSP indicate that extrachromosomal respiratorydeficient mutants, mi-i and mi-3, differ from wild-type (Table 2 ). The apparent dissociation constants of MSP-NADH and MSP-ATP complexes, determined by fluorimetric titration, are summarized in Table 2 , together with the inhibition constants determined by titration of wild-type MDH with MSP. By all of those parameters, the data indicate that M\ISP of either mutant, mi-i or mi-3, associates to a lesser degree than wild-type 1\ISP with NADH, ATP (except mi-3), and MDH. In another series of experiments related to those mentioned above,8 it was found that the association of MISP from either mi-i or mi-3 with wild-type 1IMDH leads to alteration of the Michaelis constant of MDH for malate. Conversely, purified mutant MDH's exhibit a wide range of Michaelis constants for malate when combined with MSP of either mi-i or mi-3. These interrelationships further indicate that the associative properties of mi-i and mi-3 i\1SP differ from those of ST-A4 1ISP.
Amino acid composition: Amino acid composition analyses of MISP from six strains of Neurospora are summarized in Table 3 . Significant differences in amino acid composition of MSP from two strains were found, involving tryptophan and cysteine. Tryptophan was determined by absorbancy, fluorescence, and colorimetric methods. The absorbance extinction and fluorescence emission coefficients are summarized in Table 4 . Analyses of tyrosine and tryptophan are summarized in Table 5 . MISP from various preparations of six strains was analyzed by several methods for tyrosine and tryptophan. Mutants mi-i and mi-3 each contain one less tryptophan residue per mole of MSP compared to MSP from the other four strains. Analyses of cysteine by mercuribenzoate and DDPM titrations are also summarized in Table 5 . There were no significant differences among five of the six strains, but both methods of determination indicate that mi-i MSP contains an additional cysteine residue compared to the five other strains. In addition, a strain of the genotype, mi-1 f, with a nuclear gene, (f), that suppresses the slow-growing character of mi-i, also produces MSP with one less tryptophan and an additional cysteine.
Peptide analyses: The number and pattern of tryptic peptides of wild-type and mutant structural proteins have been examined by the "fingerprint" procedure employed by Helinski and Yanofsky.20 Under conditions yielding nearly complete proteolysis, as determined by titration with NaOH in a recording pH-stat, 27 ninhydrin spots were observed. This number is in reasonable agreement with the expected number, i.e., 25. based upon the amino acid composition (Table 3 ). Mutant proteins mi-i and mi-3 yield two tryptophan-containing peptides, as evidenced by fluorescence and color reaction with Ehrlich's reagent, whereas wild type contains three such peptides, thus confirming the compositional analyses (Table 5 ). Tryptic digests of proteins treated with the yellow sulfhydryl reagent, DDPM, yield four yellow peptides from wild-type and mi-3 MSP, whereas an additional fifth orange peptide is found in digests of mi-1 MSP, thus confirming compositional data for eysteiiie (Table 5) .
Discussion.-The results of this investigation indicate that two (lifferenlt extrachromosomal mutations of (presumably) mitochondrial DNA of Neurospora lead to alterations of the structure and function of the principal protein of the mitochondria, Table 5 ). in nuclear genes. Still a third mutant (st) with "wild-type" MSP is not respiratorydeficient, but its mutant characteristic (sporadic cessation of growth) is maternally inherited.9 No mitochondrial function is known to be affected in this mutant.
The amino acid replacement in either mutant protein, mi-i or ?ni-3, causes the protein to differ from the wild-type protein in associative properties with either coenzyme nucleotides or the enzyme, malate dehydrogenase. Such functional alterations may be due to the replacement of the hydrophobic tryp residue by a hydrophilic residue such as cysteine in mi-i.
The mitochondrial structural protein plays a critical role in the organization and assembly of the electron transport chain.4 12 Hence, genetic structural alterations leading to decreased affinity of the protein for small molecules such as coenzyme nucleotides or other proteins that are directly or indirectly associated with the assembly may disrupt the organization and assembly of this system. Indeed, among the several quantitative differences in components of the electron transport chain found in mutants mi-i and mi-3, cytochrome c accumulates by 16-fold in a nonparticulate cell fraction, riboflavin occurs in a twofold excess, and a 15-fold excess of longchain unsaturated fatty acids occurs. In addition, deficiencies in cytochrome a, cytochrome b, and cytochrome oxidase have been observed in mi- 1.3 Since the respiratory system of mitochondria contains at least ten or more enzyme proteins in addition to the structural protein, genetically predicated structural alteration of any one enzyme may be expected to provoke alterations in the assembly and organization of the respiratory system. Indeed, the respiratory-deficient nuclear mutations, cyt-1 and cyt-2, resemble the extrachromosomal mutants mi-i and mi-3 in that a variety of quantitative alterations of components of the respiratory assembly occur.22 This pleiotropic effect may, in analogy to comparable mutants of yeast,23 be a consequence of alteration of the structure or regulation of cytochrome c synthesis. Genetic alteration of the structure of other mitochondrial proteins normally associated with MSP in vivo may be expected to lead to deficiencies in respiration or electron transport. Certainly the structural and functional integrity of the mitochondrial structural protein is important in determining the precise conformational and functional properties of malate dehydrogenase. 8 Direct demonstration of a structural gene function associated with mitochondrial DNA remains to be carried out. Classical methods of genetic analysis involving recombination or transformation have not been applied to the problem of mitochondrial heredity. Nevertheless, indirect evidence based on preliminary data with isolated Neurospora mitochondria,24 and on data with mitochondria isolated from other sources,25' 26 indicate that C14 leucine is incorporated into an insoluble protein when incubated under conditions favorable for protein synthesis. This may indicate that the gene controlling the primary structure of MSP is located in the DNA of the mitochondrion. Luck,6 in addition, has identified a DNA-dependent RNA polymerase in Neurospora mitochondria. On the basis of the amount of DNA present in mitochondria,5 there should be sufficient information to specify many proteins. By analyzing labeled amino acid incorporation during protein synthesis in isolated mitochondria, it should be possible to identify such proteins if this is indeed the case.
MIultimeric proteins of various types have been described in which the activity of one or more subunits is sensitive to interactions with another protein. Crawford and Ito27 demonstrated serine deaminase activity in the B protein of tryptophan synthetase; this activity is lost when the B protein is complexed with A protein.
Conversely, the A protein alone is capable of converting InGP to indole, but this reaction is increased greatly in the AB complex.
Another striking example of the effect of binding between two proteins on the activity of one of them was reported by Gerhart24 in a study of aspartic transcarbamylase.
The phenomenon of interallelic complementation appears to involve a similar sensitivity based on protein-protein interactions between differentially defective monomeric subunits. 29 The suggested mechanism for the behavior of the mutants described in this paper is clearly not a novel type of interaction. It is simply being applied to a new system in which some of the interacting protein components are controlled by nuclear genes and at least one protein is specified by a cytoplasmic gene. Interactions such as those described between MSP and MDH are in fact nucleocytoplasmic interactions. Similar investigations have been carried out in yeast30 and Neurospora"l in unsuccessful attempts to detect altered proteins in respiratory-deficient mutants.
Despite the fact that a number of questions concerning cytoplasmic inheritance are answered by studies with this gene-protein system, it does not provide a clear answer to certain other questions. For example, if each mitochondrion contains DNA, ea-ch would be expected to be independent of other mitochondria in the same cell. This of course raises the question of how it would be possible for a mutation in mitochondrial DNA to be expressed unless it were a dominant mutation. If recessive, in order to isolate a mutant such as mi-1 or mi-3, it would be necessary to prevent replication of all the mitochondrial DNA except one mutant type; otherwise, a great deal of heterogeneity among mitochondrial populations would be expected; such was not observed in our experiments. An obvious alternative is that one type of mitochondrion might overproduce and thus eventually outgrow and replace the slower type.
An explanation which invokes a master DNA template in either the nucleus or in only one mitochondrion is not compatible with Luck's32' 3 experiments on the replication of mitochondria. This system should, in any event, be useful in studying these and other related questions concerning mitochondrial structure and function, such as how proteins controlled by nuclear genes get into mitochondria, and how both nuclear and cytoplasmic suppressor mutations might affect MSP structure.
Summary.-The mitochondrial structural protein (MSP) from two maternally inherited, respiratory-deficient mutants of Neurospora (mi-i and mi-3) differ from wild-type MSP. The MSP from mi-i has one less tryptophan residue per mole of MSP and one more cysteine residue than does wild-type MSP. The MSP from mi-3 also has one less tryptophan residue, but no other differences have yet been detected in amino acid composition. The mutations in mi-i and mi-3 appear to result from alterations in mitochondrial DNA which in turn result in single amino acid replacements. Based on the nucleocytoplasmic interactions that are described, which involve protein-protein interactions between malate dehydrogenase and mitochondrial structural protein, an explanation for the pleiotropic phenotype of mi-i and mi-3 is offered.
